Introduction
============

Mammalian cells express pattern recognition receptors (PRR) and are therefore able to detect microbes. The PRRs are activated upon binding to conserved molecular structures, called pathogen-associated molecular patterns (PAMPs), to induce expression of antiviral and proinflammatory proteins.^[@bib1],\ [@bib2]^ The fact that most PAMPs are expressed only by microbes and not by host cells, allows the innate immune system to respond specifically to non-self. In addition to pathogen-specific PAMPs, DNA is a potent stimulator of antimicrobial responses.^[@bib1],\ [@bib3]^ To discriminate between DNA derived from the microbes versus the host, DNA sensors are present in the cytosol, as well as in endosomal membrane structures, that is, compartments expected to be free of host DNA.

Toll-like receptor (TLR) 9 was the first DNA sensor to be described. It is expressed in the endosomal membrane and monitors the endosomal content for unmethylated, CpG-rich DNA.^[@bib4]^ As host DNA is mostly methylated, and hence has a low CpG content, as opposed to microbial DNA, TLR9 detects foreign DNA based both on location and chemical composition of the DNA. TLR9 signals through the adaptor protein MyD88, resulting in activation of signaling pathways eventually leading to activation of the transcription factors interferon (IFN) regulatory factor (IRF) 7- and nuclear factor-kappa B (NF-κB), which in turn drive transcription of type I IFN subtypes and proinflammatory cytokines^[@bib2]^ ([Figure 1](#fig1){ref-type="fig"}).

As TLR9 is expressed by only a limited number of cell types, most notably plasmacytoid dendritic cells,^[@bib5],\ [@bib6]^ this receptor is not the central sensor of viruses in the cells most often infected by viruses. RIG-I-like receptors (RLRs) recognize RNA species in the cytosol and include RIG-I, MDA5 and LGP2. Both RIG-I and MDA5 bind double-stranded RNA, but RIG-I preferentially recognizes shorter fragments while long RNA molecules activates MDA5.^[@bib7]^ Furthermore, to distinguish between host and pathogen RNA, RIG-I senses 5′-triphosphate containing RNA, a structure often formed in viral RNA.^[@bib8],\ [@bib9]^ RIG-I and MDA5 both contain two caspase activation and recruitment domains, which upon ligand recognition engage in homotypic interaction with the adaptor protein mitochondrial activator of virus signaling (MAVS) leading to activation of Tank-binding kinase (TBK) 1, and IκB kinase α and β, culminating in the expression of type I IFN as well as proinflammatory proteins.^[@bib10],\ [@bib11],\ [@bib12],\ [@bib13]^

Recently, attention has been drawn towards cytosolic PRRs sensing DNA. Several receptors have been proposed to be important for cytosolic DNA recognition, including absent in melanoma (AIM2), gamma-interferon-inducible protein (IFI16) and cyclic GMP--AMP synthase (cGAS)^[@bib1],\ [@bib2]^ ([Table 1](#tbl1){ref-type="table"}). Upon DNA binding, AIM2 initiates the assembly of the inflammasome, a complex that includes the adaptor protein ASC and caspase 1. The activated inflammasome cleaves the proforms of the cytokines interleukin (IL)-1β and IL-18 to generate bioactive cytokines.^[@bib14],\ [@bib15]^ The PYHIN protein, IFI16 and the nucleotidyltransferase, cGAS both bind DNA, mainly independent of the DNA sequence, with exceptions as described below. Signaling through cGAS or IFI16 depends on the adaptor molecule stimulator of interferon genes (STING, also known as MITA, MPYS, ERIS and TMEM173), which is localized to the endoplasmic reticulum (ER) membrane in non-activated cells.^[@bib2],\ [@bib16]^ Upon DNA binding, cGAS undergoes a conformational change, leading to activation of the enzyme and synthesis of the second messenger cyclic GMP--AMP (2′3′-cGAMP) from ATP and GTP, which is a ligand for STING. Many bacteria, including the intracellular bacteria *Listeria monocytogenes*,^[@bib17]^ also produce cyclic dinucleotides (CDN), but they contain a conventional 3′5′ linkages. These cyclic dinucleotides activate a pro-bacterial type I IFN response in mice but not humans through a STING-dependent pathway.^[@bib18],\ [@bib19],\ [@bib20]^ Importantly, the cGAS-produced 2′3′-cGAMP is a highly potent stimulator of both murine and human STING.^[@bib21],\ [@bib22]^ cGAMP binds in a pocket at the interface of the two STING protomers, resulting in translocation of STING from the ER compartment to perinuclear autophagy-like vesicles.^[@bib22],\ [@bib23]^ The translocation route of STING has been less defined, however recent results determine a translocation through the ER--Golgi intermediate compartments (ERGIC) and the Golgi apparatus with the activation of downstream signaling molecules taking place at or before the ERGIC.^[@bib24]^ TBK1 is autophosphorylated and recruited to STING, allowing the phosphorylation of STING. Interestingly, the phosphorylated residue of STING has been shown to localize in a serine cluster, which is evolutionary conserved in other adaptor molecules, including MAVS and TIR-domain-containing adapter-inducing interferon-β (TRIF). The phosphorylation of STING allows the transcription factor IRF3 to dock to the phosphorylated residue, resulting in TBK1-dependent phosphorylation of IRF3 leading to dimerization, nuclear translocation and activation, eventually turning on the transcription of type I IFN genes.^[@bib25],\ [@bib26]^

IFI16 is predominantly nuclear, but a small pool of IFI16 is cytoplasmic and has been demonstrated to co-localize with herpes simplex virus (HSV)-1 genomic DNA in the cytoplasm upon infection.^[@bib27]^ IFI16 binds the DNA via two HIN domains, allowing the formation of filamentous oligomers on the DNA molecule, which is thought to facilitate signaling through STING and the induction of type I IFN.^[@bib27],\ [@bib28],\ [@bib29]^ One study has shown IFI16 to have higher affinity for longer, naked DNA fragments (\>150 bp) than short fragments. As nuclear self-DNA is bound by histones, the IFI16 affinity for longer DNA fragments could potentially represent a mechanism to discriminate between self- and non-self DNA.^[@bib29]^ At present it is not explained how IFI16 mediates signaling, although there are papers to suggest that IFI16 and cGAS act in the same pathway.^[@bib30],\ [@bib31]^

Experimental *in vivo* work in mice has demonstrated the importance of AIM2 in the early control of murine cytomegalovirus (CMV) after intraperitoneal infection, acting through a mechanism dependent on induction of IL-18 and stimulation of type II IFN production by natural killer cells.^[@bib32]^ Likewise, cGAS is essential for control of infections with HSV-1 (intravenous infection), murine gammaherpesvirus 68 (MHV68) (intraperitoneal infection), and vaccinia virus (intranasal infection), and this is believed to be dependent on induction of type I IFN.^[@bib33],\ [@bib34]^

STING^−/−^ mice were found to display elevated mortality rate after intravenous HSV-1 infection compared with wild-type mice, and the virus replicated more efficiently in the brain of STING-deficient mice. Importantly, these signs correlated with no detectable type I IFN in the blood of infected STING-deficient animals.^[@bib23]^ In agreement with this, HSV-1 did not induce detectable levels of type I IFN in STING^−/−^ MEF cells and bone-marrow-derived macrophages.^[@bib23]^ Interestingly, this phenotype was largely identical in cGAS^−/−^ mice after HSV-1 infection through the same route, suggesting that potential alternative functions of these proteins are not central in host defense against HSV-1.^[@bib34]^

Virus-dependent activation of cytosolic DNA sensors
===================================================

The cytosolic DNA sensors IFI16 and cGAS are activated in cells infected with DNA viruses.^[@bib1]^ Studies with different DNA viruses, including HSV-1 and CMV, have shown that viral genomic DNA associates with the DNA sensor IFI16, thus suggesting the foreign incoming genome to stimulate the DNA sensing machinery.^[@bib27],\ [@bib35],\ [@bib36]^ It has been demonstrated that viral genomic DNA is released into the cytosol upon infection, and this is preceded by K48-linked ubiquitination of capsid associated factors and subsequent proteosomal degradation of the viral capsid^[@bib27],\ [@bib37]^ ([Figure 2](#fig2){ref-type="fig"}). Such studies suggest the viral genome to be the trigger of DNA-dependent immune responses. Other studies suggest that virus-induced cellular stress triggers release of mitochondrial DNA into the cytosol, which in turn activates the cGAS-STING pathway. Herpesviruses are reported to induce mitochondrial stress and through this mitochondrial DNA pathway stimulate cGAS activation.^[@bib38]^ The relative contribution of the different sources of DNA for the activation of the cGAS-STING pathway during viral infections remains to be characterized in details.

Retrovirus replication leads to accumulation of several DNA-containing nucleic acid structures with the capacity to stimulate DNA sensors.^[@bib39]^ Whereas the RNA:DNA intermediate has been reported to be detected by TLR9 and cGAS,^[@bib40],\ [@bib41]^ the single-stranded DNA (ssDNA) species and the final double-stranded DNA (dsDNA) products also have the potential to stimulate type I IFN expression in a manner dependent on IFI16 and cGAS.^[@bib30],\ [@bib42]^ Viral ssDNA molecules named 'strong-stop (−)-strand DNA\' (sstDNA) are present in the cytosol upon HIV-1 infection.^[@bib43]^ These sstDNAs, formed by the first 181 nucleotides of the HIV-1 genome, are reversely transcribed and fold up in a secondary structure with three hairpin elements. This structure has recently been reported as a HIV-1 PAMP, stimulating type I IFN production, due to sensing by cGAS.^[@bib44]^ Herzner *et al.*^[@bib44]^ found that the transition from dsDNA to ssDNA, named Y-form DNA, was the stimulatory part of the sstDNA molecule. The Y-form structure stimulates the production of cGAMP and the cGAMP response was found to correlate with the numbers of guanosine nucleotides in the Y-form structure. Jakobsen *et al.*^[@bib30]^ have further shown that sensing of the stem-loop structures of lentiviral ssDNA molecules, including sstDNA is dependent on IFI16 and STING.

Beyond DNA recognition in the infected cells, there are now emerging evidence to support that cGAMP propagates signals to adjacent non-infected cells, hence spreading antiviral activity. First, it was reported that cGAMP can diffuse to neighboring cells through gap junctions to stimulate STING-dependent type I IFN expression.^[@bib45]^ Second, cGAMP has been shown to be packed in viral particles. Two papers by Bridgeman *et al.* and Gentili *et al.*,^[@bib46],\ [@bib47]^ detected cGAMP in Vaccinia virus and murine CMV virions as well as in lentivector-derived lentivirus particles. cGAMP-containing virus particles stimulated cGAS^−/−^ STING^+/+^ cell lines to produce type I IFN and the particles were further able to activate dendritic cells. At present it is not known whether cGAMP is actively packed into the viral particles as an antiviral strategy to allow early type I IFN responses in infected cells and in cells with low cGAS expression, or whether cGAMP is randomly taken up together with cytosolic material as the virus particle maturates and are released from the host cell. A third possibility is that some viruses actively incorporate cGAMP, as low levels of type I IFN might influence the infection positively. Studies of MHV68 have shown the establishment of latency to be IFN dependent and IFN was furthermore shown important for the inhibition of acute cell damages resulting from uncontrolled virus replication.^[@bib48]^

Evasion of DNA-stimulated immune responses by herpesviruses
===========================================================

As described above, the DNA sensing pathway is activated by DNA from different sources upon virus infection, but due to the co-evolution of viruses and mammalian cells, viruses have learned to counteract the innate immune system. Several viral evasion mechanisms resulting in the inhibition of type I IFN responses have been reported, which demonstrates the importance of this class of antiviral cytokines in defense against viruses.

Evasion and inhibition of DNA sensors
-------------------------------------

The family of herpesviruses has been reported to evade the DNA sensing machinery both at the level of sensing, and signaling through the STING-TBK1-dependent pathway. We previously identified a conserved herpesvirus deubiquitinase to inhibit STING-dependent DNA signaling in macrophages.^[@bib49]^ Mechanistically, this occurred upstream of DNA release into the cytosol, thus suggesting the deubiquitinase to prevent the viral DNA to become accessible for DNA sensors ([Figure 3](#fig3){ref-type="fig"}).The infected cell protein (ICP)0 protein encoded by HSV-1 possesses E3 ubiquitin ligase activity through the RING finger domain. The ubiquitination activity and an active proteasomal pathway was reported to be crucial for the establishment of lytic infection in HSV-1 infected cells.^[@bib50],\ [@bib51]^ Orzalli *et al.*^[@bib35]^ reported ICP0 to trigger the degradation of IFI16 by the proteasome resulting in impaired sensing of HSV-1 and reduced production of IFN-stimulated genes. However, ICP0 also has functions independent of the E3 ligase activity. For instance, ICP0 was found to inhibit IRF3 in the nucleus of epithelial cells co-infected with HSV-1 and Sendai virus.^[@bib52]^ This was due to sequestration of IRF-3 in ICP0-containing foci in the nucleus, thus resulting in a dislocation of the transcription factor away from the promoter target elements.^[@bib35]^

Another herpesvirus protein known to target IFI16 is pUL83, a tegument protein of human CMV (HCMV). pUL83 is the most abundant protein in the HCMV particle and the protein localizes to the nucleus early during infection.^[@bib53],\ [@bib54]^ pUL83 was first shown to interact with nuclear IFI16 to stimulate IFI16-dependent transcription from the major immediate-early promoter of HCMV.^[@bib55]^ In a follow-up work by Li *et al.*,^[@bib36]^ pUL83 was reported to inhibit the oligomerization of activated, nuclear IFI16 and hence to block the signal transmission from IFI16 to STING resulting in diminished type I IFN expression. The work showed pUL83 to interact directly with the Pyrin domain of IFI16, with inhibitory effects. The Pyrin domain has been reported to be essential for cooperative assembly of IFI16 filaments on dsDNA,^[@bib29]^ which is likely to be a requirement for IFI16-mediated DNA dependent signaling. The results on ICP0 and pUL83 underline that IFI16 takes part in sensing of herpesvirus genomes and activates a STING-dependent type I IFN signaling pathway. Despite this, there is currently no mechanistic understanding of how IFI16 mediates activation of the STING pathway.

cGAS is well established to be a DNA sensor, and unlike the case for IFI16, there is mechanistic understanding of how cGAS links to STING-dependent signaling, through production of the second messenger cGAMP as described above.^[@bib56],\ [@bib57]^ The Kaposi\'s sarcoma-associated herpesvirus (KSHV) protein ORF52 was recently identified to inhibit the enzymatic activity of cGAS. ORF52 is like HCMV pUL83 a tegument protein, but contrary to the nuclear localization of pUL83, ORF52 is only found in the cytosol and in perinuclear regions.^[@bib58]^ ORF52 was reported to be a DNA-binding protein and the ability to sequester stimulatory DNA was shown to be important, but not sufficient for the KSHV-dependent inhibition of type I IFN. This observation was explained by cGAS binding to DNA occurring with higher affinity than DNA binding by ORF52. To complete the inhibition of cGAS, ORF52 is also able to bind cGAS directly.^[@bib59]^ The ORF52 homologs of three other gammaherpesviruses, namely Epstein-Barr virus, MHV68 and Rhesus monkey rhadinovirus are also able to bind cytosolic DNA and thus inhibit the enzymatic activity of cGAS, indicating that the cGAS target is evolutionary conserved in gammaherpesviruses. An ORF52-like protein encoded by an alphaherpesvirus, with a cGAS inhibitory function has not been reported. However, it has been speculated that the tegument protein VP22 from HSV-1 binds cGAS, as VP22 and ORF52 have some three dimensional structurally homology,^[@bib59],\ [@bib60]^ but functionally evidence is still lacking.

Inhibition of DNA-activated signaling pathways
----------------------------------------------

Herpesvirus genomes are recognized by several DNA receptors, which share the feature that they utilize the adaptor protein STING for downstream signaling.^[@bib27],\ [@bib34]^ Consequently, to ensure a broad inhibition of Herpesvirus-induced type I IFN, targeting of STING as well as the STING interaction partner, TBK1 would be an efficient means to block early antiviral defense.

Recently, a study aiming to identify novel KSHV-encoded proteins targeting DNA sensing pathways, reported that the viral IRF1 (vIRF1), interacted directly with STING, at a time point after STING trafficking from the ER. This interaction impedes the binding of TBK1 to STING, thus inhibiting phosphorylation and activation of STING, TBK1 and IRF3.^[@bib61]^ Consequently, vIRF1 was found to be able to inhibit the induction of type I IFN production. An additional role for vIRF1 in evasion of KSHV-induced IFN production has also been reported to occur through interaction between vIRF1 and the transcriptionally coactivators CBP/p300. The interaction impairs the association between CBP/p300 and IRF3 resulting in inefficient transcription from IRF3-dependent promoters.^[@bib62]^

Several herpesvirus proteins are reported to target TBK1 as a viral strategy to inhibit the DNA sensing pathway further downstream in the pathway. ICP34.5 from HSV-1 and ORF11 from MHV68 both bind directly to TBK1, resulting in decreased IRF3 activation and type I IFN expression.^[@bib63],\ [@bib64]^ The KSHV protein ORF45 uses an alternative mechanism to inhibit TBK1-dependent type I IFN expression. ORF45 do not inactivate TBK1, but acts instead as an alternative substrate for TBK1. In a HEK293T cell system, ORF45 was found to interact with non-phosphorylated IRF7 and as ORF45 in this context is a preferred substrate for TBK1 compared with IRF7, ORF45 is phosphorylated on two serine residues in a TBK1-dependent manner whereas IRF7 remains non-phosphorylated and thus inactive.^[@bib65]^ This mechanism does not affect IRF3 activation but leads to decreased type I IFN expression, given the well-described role for IRF7 in the IFN-positive feedback loop.^[@bib66],\ [@bib67]^

Evasion of DNA-stimulated signaling by other viruses
====================================================

Although most information on evasion of DNA-stimulated signaling has been obtained from studies on herpesviruses, there is also accumulating evidence for other viruses targeting these pathways. For instance the Hepatitis B virus DNA polymerase interacts with STING, and inhibits production of type I IFNs.^[@bib68]^ The interaction between the two proteins prompted degradation of STING. Interestingly, the pool of STING that was degraded was ubiquitinated through K63-linked chains, a process which has been reported to be mediated by several E3 ubiquitin ligases and to be essential for activation of the pathway.^[@bib1]^ Thus, the Hepatitis B virus DNA polymerase targets selectively the pool of activated STING.

Several DNA oncoviruses express proteins that target the Leu-X-Cys-X-Glu (LXCXE) binding site in the retinoblastoma protein, thus contributing to the oncogenic properties of these viruses.^[@bib69]^ Additionally, the LXCXE motif was recently found to be important in the inhibition of the DNA sensing pathway by oncogenic viruses. The E7 protein from human papillomavirus and E1A from adenovirus were both identified as suppressors of the cGAS-STING pathway.^[@bib70]^ Interestingly, the LXCXE motif was reported to bind STING and inhibit downstream signaling. As many cell lines are immortalized with LXCXE-containing tumor proteins, the DNA sensing pathway of these cell lines is permanently impaired. Thus Lau *et al.*^[@bib70]^ showed that knock out of E1A and E7 increased the potential to mount type I IFN responses to dsDNA in these cell lines. LXCXE-containing proteins are expressed by different ssDNA and dsDNA viruses and potently bind the retinoblastoma protein, thus mediating cell proliferation and oncogenesis.^[@bib71]^ Lau *et al.* speculated that the LXCXE motifs evolved in these viruses to inhibit STING and hence to facilitate the establishment of infection, and that the oncogenic function of the LXCXE motif may be a secondary effect. This hypothesis is supported by the fact that only a minor group of viruses expressing LXCXE-containing proteins have oncogenic properties.^[@bib70]^

HIV-1 replicates efficiently in human macrophages, and this replication stimulates only modest innate immune responses.^[@bib30],\ [@bib72]^ Upon cell entry the viral capsid plays an important role in preventing immediate recognition of the viral genome. More host proteins, including the cofactors cleavage and polyadenylation specificity factor subunit 6 (CPSF6) and cyclophilin A (CypA), are known to be recruited to the viral capsid to facilitate virus replication in myeloid cells.^[@bib73],\ [@bib74],\ [@bib75]^ The recruitment of CPSF6 to the capsid explains the ability of the pharmaceutical molecule PF-3450074 to block HIV-1 replication. PF-3450074 competes with CPSF6 for binding to the HIV-1 capsid, thus blocking virus replication.^[@bib76],\ [@bib77]^

Findings by Rasaiyaah *et al.*^[@bib72]^ showed that the recruitment of specific host proteins to the HIV-1 capsid is necessary for preventing premature DNA synthesis and stimulation of innate DNA receptors. Myeloid cells stimulated with a capsid mutant (P90A) with impaired CypA interaction, produced cGAMP through a mechanism dependent on the reverse transcriptase. This result shows that the HIV-1 genome is recognized by cGAS in cases with non-intact capsids. Hence HIV-1 has evolved a defense against cytosolic detectors, relying on the cloaking of a replication intermediate by the host factors CPSF6 and CypA.

As described above the retroviral replication intermediates, ssDNA, Y-form DNA, RNA:DNA hybrids and dsDNA are recognized by cGAS as well as by IFI16. It is thus conceivable that retroviruses have evolved different mechanisms for inhibition of the DNA sensing pathway. HIV-1 is known to target the RLR pathway via a relocalization of RIG-I to lysosomes and perinuclear compartments through a mechanism dependent on the viral protease,^[@bib78]^ but knowledge about inhibition of the DNA sensing pathway is still insufficient. Recently, the two HIV-1 proteins Vpr and Vif were reported to target and inactivate TBK1 in dendritic- and macrophage-like cells.^[@bib79]^ TBK1 was found to be ubiquitinated, as a normal response to TRAF3 activation, but the subsequent autophosphorylation of TBK1 was lacking due to Vpr and Vif expression. Vpr and Vif were found to interact with TBK1 and as both proteins are present in the incoming virus particle, it is possible that HIV-1 inhibits DNA receptor-dependent signaling at early time points post-viral entry.^[@bib79]^

Suppression of sting signaling by RNA viruses
=============================================

In addition to DNA viruses, several viruses carrying single-stranded RNA (ssRNA) genomes have been reported to modulate STING and downstream signaling. Although this seems counterintuitive, published data describing different cellular mechanisms, provide a rationale for why some RNA viruses have evolved mechanisms to inhibit STING. First, RIG-I has been shown to interact with STING in a manner dependent on MAVS following activation by positive ssRNA viruses, thus amplifying the IFN production.^[@bib80]^ Second, Schoggins *et al.*^[@bib33]^ found lower basal expression of IFN-stimulated genes in cGAS^−/−^ mice, and proposed that low-grade constitutive activation of this pathway sets the immunological tone in the organism. In support of this, cGAS^−/−^ mice showed higher mortality compared with wild-type mice upon infection with the positive sense ssRNA virus West Nile virus. Finally, we identified that the virus cell membrane fusion induces induction of type I IFN expression in a STING-dependent but cGAS-independent manner.^[@bib81]^ Using virus-like particles from HSV-1 lacking capsid and genomes as well as fusogenic cationic liposomes, we showed an induction of type I IFNs upon membrane fusion.^[@bib81]^

Coronaviruses are a big group of enveloped ssRNA with a positive sense genome. The swine virus Porcine epidemic diarrhea virus, infecting epithelial cells of the intestine, encodes a protease and deubiquitinase protein, named Papain-like protease 2 (PLP2). In addition to targeting RIG-I, PLP2 is able to interact directly with STING and reduce the ubiquitination status of the protein, resulting in reduced STING-dependent IFN expressions.^[@bib82]^ The STING-targeting mechanism is thought to be conserved in PLP-expressing coronaviruses, as PLP2-like proteins from human coronavirus (NL63) and severe acute respiratory syndrome virus (PLpro) respectively, both antagonize STING in a similar manner.^[@bib83]^

The protease NS2B3 from dengue virus is another STING targeting protein, with specific affinity for the human form of STING. The virus is enveloped with a non-segmented positive sense ssRNA genome, which normally induces low type I IFN levels, indicating an inhibitory evasion mechanism. The virus replication was shown to be more efficient in STING-depleted cells and this phenotype was explained by a protease-dependent cleavage of STING. The viral protease NS2B3 was found to interact with and cleave STING N-terminally, at the sequence LRRG. The LRRG sequence is not conserved in mice, and this lack of NS2B3 recognition sequence explains partly why the murine STING is not degraded by NS2B3. In addition to LRRG other regions in the STING molecule are necessary for efficient targeting by NS2B3, as a mutant form of murine STING, expressing the human LRRG sequence was still resistant to NS2B3-dependent cleavage.^[@bib84],\ [@bib85]^

Finally, we have recently reported that the fusion peptide of the influenza A virus HA protein interacts with STING in a specific region localized close to the dimerization interphase of STING, and this prevents the dimerization of STING and downstream IFN production in response to membrane fusion but not cGAMP stimulation.^[@bib86]^ To our knowledge, Influenza A virus is the first example of a negative sense RNA virus, harboring a STING evasion mechanism. Collectively, STING dependent signaling pathways are also active during infection with RNA viruses. Therefore, this class of viruses has evolved means to dampen signaling by STING.

Concluding remarks
==================

DNA is a highly immunostimulatory molecule, and the immune responses evoked by DNA have antiviral activity. Consequently microbes with DNA genomes have evolved mechanisms to evade sensing and signaling through the pathways stimulated by DNA. This is probably of central importance for the ability of DNA viruses to establish infection, and underscores the importance of the DNA-stimulated immune pathways in protective immunity.

With the accumulating insight into the mechanisms of viral evasion of DNA sensing, there is now a need to understand the importance of these mechanisms *in vivo*. Further knowledge on the cellular targets and mechanisms of action of viral strategies to evade the DNA sensing machinery will lead to better understanding of the pathogenesis of viral diseases, and could also uncover potential targets for future immunomodulatory drugs.
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![Pattern recognition receptors sensing microbial DNA. Detection of DNA by AIM2 initiates the formation of the inflammasome complex with the adaptor protein ASC and Pro-caspase-1. Caspase-1 activation allows cleavage and maturation of the cytokines IL-1β and IL-18, which are secreted from the cell. TLR9 senses DNA in endosomes, resulting in MyD88-dependent activation of both NF-κB and IRF7 signaling pathways. cGAS binds cytosolic DNA and catalyzes the synthesis of the second messenger cGAMP, whereas IFI16 senses microbial DNA in both nuclear and cytosolic compartments. Both cGAS and IFI16 signal through the adaptor protein STING, resulting in STING dimerization and translocation from ER to ERGIC- and Golgi membrane structures. TBK1 and IRF3 recruitment to STING induces the phosphorylation and activation of IRF3. The active transcription factors NF-κB, IRF7 and IRF3 translocate to the nucleus and induce the transcription of type I IFN- and proinflammatory genes.](cmi20166f1){#fig1}

![Virus-induced activation of cytosolic DNA sensors. Herpesvirus DNA is released into the cytosol as the virus capsid is K48-ubiquitinated and targeted for proteasomal degradation. The naked virus DNA is sensed by IFI16 and cGAS. Retroviruses express a reverse transcriptase enzyme and convert the RNA genome into DNA in the cytosol. More retrovirus replication intermediates, including the strong-stop (−) DNA, ssDNA stem loop structures and RNA:DNA hybrids, stimulate cGAS and IFI16. cGAMP is packed into particles from several viruses, including herpesviruses, pox viruses and retroviruses, and released into the cytosol upon viral entry to directly stimulate STING. Finally, virus-induced cellular stress can result in mitochondrial damage and release of mitochondrial DNA, which acts as a cGAS ligand. cGAS, IFI16 and STING activation initiates an IRF3-dependent transcription of type I IFN genes.](cmi20166f2){#fig2}

![Evasion and inhibition of virus-induced type I IFN signaling. Virus-encoded proteins can inhibit DNA-stimulated immune responses at different levels, including (i) prevention of the exposure of viral DNA for the sensor proteins, (ii) inhibition of signaling from the DNA sensors to STING or (iii) blockage of signal transduction at the downstream level to prevent full activation of IRF3 resulting in decreased transcription of IFNs and IFN-stimulated genes. In addition to virus-encoded evasion proteins, retroviruses recruit cytosolic host proteins to the viral capsid to protect against sensing of replication intermediates by cytosolic nucleic acid sensors. Abbreviations: hAd5, human adenovirus 5; HPV18, human papillomavirus 18; POL, hepatitis B virus polymerase.](cmi20166f3){#fig3}

###### Viruses and intracellular DNA sensors

  Virus   DNA sensor   Experimental system(s)                         Biological response                  References
  ------- ------------ ---------------------------------------------- ------------------------ ----------------------------------
  HSV-1   cGAS         Mice                                           Type I IFN                           ^[@bib34]^
  HSV-1   IFI16        Human macrophages and human fibroblasts        Type I IFN, IL-1β         ^[@bib27],\ [@bib35],\ [@bib87]^
  HCMV    IFI16        Human macrophages and human fibroblasts        Type I IFN                     ^[@bib27],\ [@bib36]^
  MCMV    AIM2         Mice                                           IL-18                                ^[@bib32]^
  MHV68   cGAS         Mice                                           Type I IFN                           ^[@bib33]^
  KSHV    IFI16        Human dermal microvascular endothelial cells   IL-1β                                ^[@bib88]^
  EBV     IFI16        Human B cell lines                             IL-1β                                ^[@bib89]^
  AdV     cGAS         Murine macrophage and endothelial cell lines   Type I IFN                           ^[@bib90]^
  VV      AIM2         Murine macrophages                             IL-1β                                ^[@bib15]^
  HIV-1   IFI16        Human macrophages and human T cells            Type I IFN, pyroptosis         ^[@bib30],\ [@bib91]^
  HIV-1   cGAS         Human macrophages                              Type I IFN response            ^[@bib30],\ [@bib42]^

Abbreviations: AdV, adenovirus; cGAS, cyclic GMP--AMP synthase; EBV, Epstein-Barr virus; HCMV, human cytomegalovirus; HSV, herpes simplex virus-1; IL, interleukin; IFN, interferon; KSHV, Kaposi\'s sarcoma-associated herpesvirus; MCMV, murine CMV; MHV68, murine gammaherpesvirus 68; VV, vaccinia virus.
